The discovery of green fluorescent protein (GFP) has generated, within roughly a decade, a wide variety of fluorescent proteins (FPs) of almost any imaginable color hue. Genetically encoded fluorescent sensors are indispensable tools for imaging living cells and tissues. The large color variations, currently ranging from deep blue to far red, are caused by different FP-chromophore structures. Similarly to regular organic dye molecules, where changes in chemical structure tune the transition energy between the ground and excited states, new FP color hues are routinely generated through mutations that slightly alter the conjugation pathways within the FP chromophore.
Figure 1. Signature of the quadratic Stark effect in red fluorescent (FPs) proteins (labeled), showing the shift of the one-photon-absorption wavelength (vertical axes) as a function of measured dipole-moment difference of the lowest-energy S 0 S 1 transition (horizontal axes). All
FPs on the parabolic curve share the same chromophore structure. pH: Measure of acidity or basicity of a solution. mRFP: Mutated red FP. Surprisingly, both questions were recently resolved simultaneously in an experiment that proved that color hues in Fruits are caused by the quadratic (second-order) Stark effect, the shifting and splitting of atomic and molecular spectral lines caused by these strong internal electric fields. 1 Our team published results of three studies that formed the basis for this breakthrough. First, we studied how the intrinsic femtosecond two-photon-absorption (2PA) cross section in a variety of red FPs (including the Fruit series) depends on excitation wavelength. 2 Contrary to previous assumptions, we observed that this 2PA
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wavelength dependence does not follow that of the corresponding one-photon absorption (1PA) and that 2PA spectra of the Fruits exhibit distinctive properties. Second, we developed improved experimental techniques, enabling measurements of the absolute 2PA cross sections. 3 We used a femtosecond optical parametric amplifier (TOPAS-C, pumped by a coherent Legend-H femtosecond titanium:sapphire amplifier), which provided the required broad wavelength tunability (550-1800nm). Third, and perhaps decisively, we found that under certain conditions the 2PA cross section depends on the permanent electrical dipole moment (or, more accurately, on the difference of the permanent dipole moment in the ground and excited states) of the relevant transition. 4 In particular, we showed that, by measuring the absolute 2PA cross section in the lowest-energy 0-0 transition, one can determine the value of the permanent electrical-dipole difference (provided that the corresponding transition-dipole moment is also known).
While studying the 2PA spectra of the Fruit series, 2 we noticed that the peak transition frequency of the 1PA band correlates with the permanent electric-dipole-moment difference (see Figure 1) . 4 A quadratic dependence of the transition frequency on dipole moment is apparent, which implies that both must change systematically. Our data analysis led us to conclude that the different color hues of red FPs are most likely caused by an internal quadratic Stark effect. In addition, the second-order fit yields an effective internal electric-field value in each protein of between 10 and 100MV/cm.
It appears that the striking beauty of coral reefs, in both the variety of colors they contain and the way we perceive them, involves the effects of strong electric fields occurring within a nanoscopic protein environment: both the opsin proteins in the eye of the beholder and the FPs' beta barrels shape perception through the Stark effect. Our next steps will focus on rational FP design with increased two-photon brightness and improved photostability, and may eventually also provide improved insights into how living material functions and develops. 
